I. INTRODUCTION
There have been a number of electrochemical scanning tunneling microscopy ͑ECSTM͒ studies of metal dissolution in electrolyte solutions. [1] [2] [3] [4] Our principal goal here, however, is to report on the opposite process: etching inhibition. A common practice for preventing corrosion of metals is to coat the surface with a relatively thick film such as paint, a polymer, or a metal oxide. However, for applications in which the lateral dimensions of patterned features are in the nanometer regime, it may not be practical to use micronthick films. In contrast, ultrathin organic films such as selfassembled monolayers ͑SAMs͒, which spontaneously form 10-30-Å-thick films on Au substrates, provide high-quality barriers to substrate corrosion reactions. [5] [6] [7] [8] [9] We 10-13 and others 14 -21 have previously studied organomercaptan SAMs confined to Au surfaces using STM.
One of our principal interests is using the STM tip as a lithographic tool for creating patterns in SAMs, which we have found to be excellent resist materials. 12, 13, 22 For example, we have shown that STM-tip-etched patterns can be selectively metalated with Cu using a low-temperature chemical-vapor deposition ͑CVD͒ method. 13 This, and other studies of SAM-passivated surfaces, 11, [22] [23] [24] [25] have suggested that SAMs nearly completely passivate metal surfaces: even molecular-scale defects are absent over micron-scale areas. 24, 25 Previous STM analyses of SAMs were performed either in air or vacuum, and although these studies permit direct visualization of the defect density and structure, it is more informative to study changes in surface topography as a function of the electrochemical surface potential in real time. 11, 17, [20] [21] [22] For example, here we find that a naked Au surface is topographically stable in up to 20 mM CN Ϫ solutions at potentials negative of Ϫ770 mV vs Ag/AgCl. However, at open circuit or at potentials positive of Ϫ520 mV, Au dissolves in solutions containing concentrations of CN Ϫ as low as 1 mM. Moreover, at potentials just positive of the onset of etching we find that when the STM tip is biased positive of the substrate etching is enhanced; however, negative tip biases reduce the etching rate. When the Au surface is modified with a well-ordered, compact n-alkanethiol SAM, we do not observe etching at any potential in either the scanned or unscanned areas.
II. EXPERIMENT
HS͑CH 2 ͒ 15 CH 3 ͑Aldrich, 92%͒ was purified by double distillation under reduced pressure. Other chemicals were of reagent grade quality or better and were used without further purification. Deionized water ͑Millipore Milli-Q purification system, Ͼ18 M⍀ cm͒ was used throughout the experiments. All the electrolyte solutions used in the experiments were aqueous. Substrates were single crystal Au͑111͒ facets obtained by melting the ends of 0.5-mm-diam Au wires ͑99.999%͒ in a H 2 /O 2 flame. 10, 26 The n-alkanethiol SAMs were prepared by immersing the freshly prepared substrates in 1 mM ethanolic solutions of HS͑CH 2 ͒ 15 CH 3 for the lengths of time indicated in the text. After immersion, the samples were rinsed thoroughly with ethanol and dried in a N 2 gas stream.
Microscopy was performed using a NanoScope III electrochemical scanning tunneling microscope ͑Digital Instruments, Santa Barbara, CA͒ equipped with an integral potentiostat. The custom-built electrochemical cell has a volume of 100 l, and was designed to accommodate the Au ball a͒ Author to whom correspondence should be addressed.
and enhance mechanical stability of the substrate to the maximum extent possible. 26 Pt wires, which were carefully cleaned with concentrated HNO 3 , were used as both counter and quasi-reference electrodes ͑QRE͒. However, we calibrated the Pt-wire potential with respect to a Ag/AgCl reference electrode and converted the numerical value of the potential to this more standard reference using the common reference redox couple Ru͑NH 3 ) 6 3ϩ/2ϩ . In 0.1 M KOH solutions we found E Ag/AgCl ϭE Pt ϩ 80 mV while in 0.1 M KF solution E Ag/AgCl ϭE Pt ϩ 300 mV. Our experience indicates that the potential of the Pt QRE is stable to within Ϯ20 mV for the duration of a 4 h ECSTM experiment. All electrolyte solutions were in equilibrium with air, and therefore contained about 1 mM O 2 . 2 The STM tips were either W wires etched in 1 M KOH or Pt/Ir wires ͑80:20͒ etched in 10 M NaOH. The Pt/Ir tips were insulated using either clear nail polish ͑Wet'n'Wild͒ or molten Apiezon wax to limit the Faradaic leakage current to less than 10 pA at 100 mV. 3, 27 The W tips were always insulated using nail polish. The STM images were acquired in the constant-current mode; other relevant imaging conditions are given in the figure captions. A negative value of the tip bias indicates that the tip potential is negative of the substrate potential. All images are unfiltered, except for flattening and plane fitting to correct systematic errors introduced by the tube scanner and misorientation of the substrate, respectively.
III. RESULTS AND DISCUSSIONS
We typically observe atomically flat terraces ϳ1 m wide on flame-annealed Au balls ͑Fig. 1͒. The surface is composed primarily of a single atomic terrace with a few scattered oneatom-deep pits and a secondary terrace raised up by one atomic step ͑2.4 Å͒. The surface also contains two fairly large triangular pits, which confirms that it is of the ͑111͒ orientation.
A. Tip-substrate interactions in F ؊ -containing solutions
The open circuit potential ͑OCP͒ of Au͑111͒ in 0.1 M KF is about 200 mV vs Ag/AgCl. At potentials near the OCP surface features, which include pits, edges, and other defects, are fully stable under our typical imaging conditions ͑tip bias, V b ϳ100 mV, tunneling current, i t ϳ0.5 nA͒. However, when the electrode potential ͑E e ͒ is moved somewhat negative of the OCP, surface atoms in the vicinity of the scanning tip become mobile.
Figures 2͑a͒-2͑d͒ show time-sequence STM images of a 1 mϫ1 m region on a typical Au͑111͒ surface in 0.1 M KF. The initial surface was a single flat terrace with a few small-diameter, one-Au-atom-deep pits less than 30 nm in diameter. After scanning this region of the surface for about 30 min at the OCP, we observed no substantial change in surface topography. We then moved the electrode potential to Ϫ150 mV immediately prior to obtaining the image shown in Figure 2͑a͒ . The data shown in Figure 2͑b͒ were obtained after 6 min of continuous scanning at the same electrode potential. Although the depth of the pits do not change, they increase in number and size, and we detect the presence of a single, small, raised island ͓The boxed feature in Figure  2͑b͔͒ . Interestingly, all the pits are more-or-less triangular in shape, and they have the same orientation, which is the result of a lowering of the surface symmetry from six-fold to threefold by the second and third atomic layers of Au. We have previously discussed this phenomenon in detail. 11 It is interesting that the Au loss due to pit formation is not balanced by island growth; that is, there is an apparent net loss of Au from the surface. This suggests that the mechanism for Au atom mass transport must not be simple adatom diffusion as has been observed previously. 2 It seems reasonable to speculate that the missing atoms must either be at or near the perimeter of the scanned region, dissolved in the electrolyte solution, or transferred to the tip. We will show that the first of these possibilities is not correct. Since there is no evidence for Au dissolution at more positive potentials, we discount the second possibility. Thus, it seems that Au is transferred to the tip, although we have no direct evidence for such a phenomenon.
We obtained the image shown in Figure 2͑c͒ 12 min after initiation of the experiment. Clearly, the pits are substantially larger and some have coalesced; however, their depth has remained constant. Moreover, more islands have formed on the main Au͑111͒ terrace and the island previously present has grown substantially. Interestingly, the islands possess a somewhat triangular shape, and they are rotated 60°relative to the pits. An additional 6 min of scanning results in growth of both the pits and the islands ͓Fig. 2͑d͔͒. We also observe that the island structures appear correlated to a particular pit, and they are always to the right of the pits. At the present time we cannot account for either of these observations. A 3 m ϫ 3 m scan taken after the image shown in Figure 2͑d͒ reveals that the surface changes are restricted to the scanned area ͓Fig. 2͑e͔͒, and as a result we infer that the change in surface topography is driven by tip-substrate interactions. Although the pattern of the topographical changes differs from run to run, we observe the same general type of potential dependent surface mobility in other experiments at substrate potentials negative of Ϫ150 mV.
A complete disclosure of the mechanism responsible for the observed behavior awaits a better theoretical model of the overlapping electrochemical double layers of the tip and substrate. However, we note that in air and in vacuum the electric field between the tip and the substrate surface has previously been reported to induce surface reconstructions and atom diffusion. 28 -32 The new observations we report indicate that this same phenomenon is operative in the electrochemical environment, which undoubtedly supports a totally different type of electric field between the tip and substrate than is present in air or vacuum. Moreover, in the electrochemical environment, the surface atom mobility also depends on the substrate potential. We believe that a very complex chemical structure in the tip-substrate gap results in this odd behavior, but we possess neither the experimental nor theoretical tools necessary to achieve a better understanding at the present time.
B. CN ؊ etching of naked Au(111)
In the previous section we demonstrated that Au͑111͒ surfaces can be modified by the STM tip in F Ϫ -containing solutions. Now we turn our attention to a well-known chemical process: Au dissolution in alkaline CN Ϫ solutions. Early electrochemical studies [33] [34] [35] [36] have revealed the mechanism of the electrochemical dissolution of Au in alkaline CN Ϫ solutions ͓Eqs. ͑1͒-͑3͔͒. 2 In contrast, we set out to study CN Ϫ etching on Au͑111͒ surfaces under potential control. We start the experiment with a freshly annealed Au͑111͒ surface immersed in an aqueous solution containing only 0.1 M KOH. We next move the electrode potential from the OCP, which is normally about Ϫ40 mV in 0.1 M KOH, to Ϫ770 mV through a series of small potential steps. We then add 1 mM CN Ϫ to the cell with the electrode potential held at Ϫ770 mV, and then we scan the surface for 5 min. This treatment does not result in any significant changes to the substrate topography. This STM result is consistent with our data from companion electrochemical cyclic voltammetric experiments, which show that etching of the Au͑111͒ surface does not occur in 1 mM CN Ϫ when the potential is held negative of Ϫ600 mV. When the electrode potential is moved to Ϫ520 mV, however, we observe rapid surface dissolution in the scanned region. When the potential is moved back to Ϫ770 mV, the etching stops and the new surface features again remain stable. Figure 3͑a͒ shows an STM image of a 400 nm ϫ400 nm region on a naked Au͑111͒ surface after it was etched for 3 min. The surface is rougher than a freshly annealed Au surface ͑compare with Figure 1͒ . We then scanned this region for 7 min at E e ϭϪ820 mV, and observed no significant topographical changes. However, when we moved the substrate potential from Ϫ820 to Ϫ520 mV, we immediately observed dramatic changes in the surface structure. An STM image of the area shown in Figure 3͑a͒ taken 3 min after the potential step is shown in Figure 3͑b͒ . During the entire 3 min the STM tip was scanning the surface. A characteristic feature of the etching process under the influence of the tip is that the surface is now dominated by terraces of nearly uniform width that have their long dimension parallel to the fast scan direction of the STM tip. More interestingly, the step orientation changes from frame to frame: regardless of whether the tip scans from top to bottom or bottom to top the tip appears to move from upper steps to lower steps. This behavior is characteristic of layer-by-layer removal of Au terraces from the substrate at a frequency somewhat higher than the frame-capture speed. That the apparent steps are always nearly parallel to the fast scan direction clearly argues for a tip-assisted dissolution process.
AuϩCN
To further compare the CN Ϫ etching rate for scanned and unscanned areas, we recorded a 500 nm ϫ 500 nm image of Au͑111͒ in 1 mM CN Ϫ at E e ϭϪ770 mV ͓Figure 3͑c͔͒. Instead of scanning this region while etching, we effectively stopped the tip motion by reducing the scan rate to 0.1 Hz. Next, we stepped the electrode potential to Ϫ520 mV for 3 min, and then obtained the image shown in Figure 3͑d͒ after changing the potential back to Ϫ770 mV. The larger scale features of the surface remain intact after this treatment, but the step-edge surface area increases and a number of triangular pits form on the terraces. The important point is, however, that a comparison of Figures 3͑c͒ and 3͑d͒ with Figures  3͑a͒ and 3͑b͒ clearly indicates that etching is enhanced by the presence ot the STM tip.
The dramatic effect of tip-enhanced etching is confirmed by Figure 4 , which shows a large-scale image obtained after CN Ϫ etching in the presence of tip scanning. We etched the Au surface at E e ϭϪ520 mV in 1 mM CN Ϫ for 2 min while scanning the central 400 nm ϫ 400 nm region. The central region is preferentially etched, although the surrounding area also dissolves to a significant extent. When the electrode potential is moved back to Ϫ770 mV, the etching stops immediately, even in the surface region under the scanning tip. We have repeated this experiment many times on different samples; the results are fully reproducible. In accordance with the Nernst equation, the potential at which etching commences depends on the CN Ϫ concentration. For 1 mM CN -we observe fast etching at E e ϭϪ520 mV. Etching slows considerably when the potential is moved to Ϫ670 mV. For 20 mM CN Ϫ electrolyte solutions, we observe some etching at E e ϭϪ720 mV, but there is no evidence for Au dissolution at E e ϭϪ770 mV.
C. Tip bias dependence
The polarity of the tip-bias voltage also affects scaninduced Au dissolution in CN Ϫ -containing solutions; this effect is shown in Figures 5 and 6 . We obtained images in Figure 5 using a Ϫ50 mV tip bias voltage ͑tip potential negative with respect to the substrate͒ in a 20 mM CN Ϫ -containing electrolyte solution. The images were obtained sequentially at intervals of about 1 min, which is the time required to capture a single frame. We recorded Figures  5͑a͒-5͑e͒ with the electrode potential poised at Ϫ720 mV and then recorded Figure 5͑f͒ at E e ϭϪ770 mV. Figures  5͑a͒-5͑e͒ indicate that there are no significant topographical changes in the surface features during scanning, but when we zoom out to display a larger area ͓Figure 5͑f͔͒, we find that the areas surrounding the scanned area show clear signs of etching: roughened terraces and significant pitting.
We next refocused the scan on the boxed area of Figure  5͑f͒ and returned the electrode potential to Ϫ720 mV and changed the tip bias to ϩ50 mV. We acquired the images shown in Figure 6 on the same time scale used to obtain the data shown in Figure 5 . These figures indicate rapid dissolution of the surface under the influence of the positively biased tip. We cannot at present quantitatively account for the observed effects of enhanced etching at positive tip bias and reduced etching at negative bias, but it seems reasonable to speculate that the solution potential near the scanned region changes in the direction of the tip potential. That is, at positive tip bias, the local potential felt by the substrate is more positive than it would be in the absence of the tip. A similar effect has previously been observed during metal deposition.
3, 37   FIG. 3 . 500 nm ϫ 500 nm scans of Au͑111͒ surfaces obtained in electrolyte solutions containing ͑a͒, ͑b͒: 0.1 M KOH ϩ 2 mM KCN and ͑c͒, ͑d͒: 0.1 M KOH ϩ 1 mM KCN. ͑a͒ E e ϭϪ820 mV. ͑b͒ Same area as in ͑a͒ obtained 3 min after E e was changed to Ϫ520 mV. The STM tip was continuously scanning this region throughout the 3 min duration of the etching experiment. ͑c͒ E e ϭϪ770 mV. ͑d͒ Same area as in ͑c͒ obtained after the surface was etched at E e ϭϪ520 mV for 3 min without being scanned. Scanning conditions: i t ϭ500 pA for all the images. ͑a͒, ͑b͒ V b ϭ100 mV. ͑c͒, ͑d͒ V b ϭ850 mV. 
D. Surface passivation by SAMs
To study the effect of surface passivation by an ultrathin, organic film, we modified the Au͑111͒ surface in an ethanolic solution of HS͑CH 2 ͒ 15 CH 3 for 24 h. Previous results have demonstrated that this treatment results in a nearly defectfree film about 25 Å thick. [5] [6] [7] [8] [9] 24, 25 Figure 7͑a͒ shows a 1 m ϫ 1 m STM image of a SAM-coated Au͑111͒ surface ͑E e ϭϪ770 mV͒ in a 0.1 M KOH ϩ 1 mM CN Ϫ electrolyte solution obtained at Ϫ770 mV. Although they are not clearly resolved in this large-scale image, we observe the widely reported 2-5-nm-diam. pits randomly distributed within the monolayer. [10] [11] [12] 15, [17] [18] [19] The chemical and physical nature of these pits is still under debate, but we believe they are singleatom-deep defects in the Au lattice induced by the organomercaptan adsorption process. 38 The feature in the lower lefthand corner of the image is due to an intentional tip crash; we use it here as a positional marker.
After obtaining Figure 7͑a͒ , we moved the electrode potential from Ϫ770 to Ϫ520 mV, but we did not observe any significant change in the surface topography, even after the surface was scanned constantly for 5.5 min ͓Figure 7͑b͔͒. This is in contrast to the behavior we noted on the naked Au͑111͒ surfaces where fast etching occurred under similar conditions ͓Figs. 3͑a͒ and 3͑b͔͒. Even the step edges, which are among the most easily attacked surface features, remain undisturbed on the SAM-coated surface. In a duplicate companion experiment, we increased the CN Ϫ concentration in the cell to about 15 mM but still did not observe any signs of Au etching at potentials as positive as Ϫ220 mV.
After acquiring Figure 7͑b͒ , we zoomed into a 100 nm ϫ 100 nm portion of a Au terrace and scanned this area aggressively ͓Figure 7͑c͔͒. The high tunneling current ͑10 nA͒ undoubtedly results in the tip being very close to the Au surface. Under these conditions rapid degradation of the monolayer occurs and the 2-5-nm-diam pits originally present within the SAM expand under the influence of the STM tip. After acquiring Figure 7͑c͒ , we scanned the same region three more times using the same conditions, and then we zoomed back out and obtained Figure 7͑d͒ . Clearly evident is a 25-Å-deep pit that was not originally present ͓Fig-ure 7͑b͔͒. The shape of the pit is not square because of thermal drift. Figure 7͑e͒ shows the same region of the surface FIG. 5 . ͑a͒-͑e͒ Time-sequence images of a 500 nm ϫ 500 nm area on Au͑111͒ obtained at E e ϭϪ720 mV. The images are 1 min apart and were acquired with V b ϭϪ50 mV and i t ϭ10 nA. ͑f͒ A 2 m ϫ 2 m scan obtained after recording ͑e͒.
FIG. 6. ͑a͒-͑e͒
Time-sequence images of a 500 nm ϫ 500 nm area on Au͑111͒ obtained at E e ϭϪ720 mV. The images are 1 min apart and were acquired with V b ϭ50 mV and i t ϭ10 nA. ͑f͒ A 2 m ϫ 2 m scan obtained after recording ͑e͒.
after etching two additional pits. Pits B and C are roughly 8 and 6 Å deep and nominally 50 nm and 10 nm square, respectively, suggesting that the lateral and vertical dimensions are connected. During the entire process of creating pits A, B, and C, the electrode potential was held at Ϫ770 mV where no CN Ϫ etching of either a naked or SAM-coated Au surface occurs. After obtaining Figure 7͑e͒ , however, we increased the CN Ϫ concentration to 5 mM and moved the electrode potential to Ϫ520 mV, conditions under which a naked Au surface rapidly dissolves, and then we scanned the surface 4 times using mild tunneling conditions. Figure 7͑f͒ indicates no CN Ϫ etching on either the unetched SAM surface or in the vicinity of the pits. That is, the depth of the previously STM-etched pits remained unchanged. Since CN Ϫ must make intimate contact with Au prior to Au dissolution ͓Eqs. ͑1͒-͑3͔͒, the bottoms of these pits must still be covered with corrosion inhibitors. We speculate that the Au in the bottom of these pits is coated with a monolayer of sulfur, which has been cleaved from the hydrocarbon tail of the organomercaptan, but at the present time we can only exclude the possibility of naked Au with certainty.
IV. CONCLUSIONS
We have studied F Ϫ -and CN Ϫ -induced etching of naked Au͑111͒ surfaces and Au͑111͒ surfaces covered with passivating self-assembled monolayers of organomercaptans. Dissolution of the naked surfaces can be activated or deactivated by controlling the electrode potential. More interestingly, an as yet undefined tip-substrate interaction dramatically affects the dissolution rate. A positive tip bias accelerates dissolution of Au and a negative bias slows the etching. A full understanding of these phenomena awaits a better theoretical understanding of the properties of the electrolyte solution between the STM tip and the substrate.
We also found that Au surfaces modified with HS͑CH 2 ͒ 15 CH 3 for 24 h are completely passivated against CN Ϫ etching even at high positive potentials. Importantly, disruption of the SAM by the STM tip does not lead to selective etching of the underlying surfaces. Even openings 25 Å deep are protected by an etch inhibiting agent, possibly an intact or partially fragmented organomercaptan. In contrast, results not discussed here explicitly indicate that Au surfaces modified with SH͑CH 2 ͒ 15 CH 3 for only 1 min, which are therefore only partially passivated, can be selectively etched by scanning while the rest of the surface is largely passivated. This indicates that poorly packed SAMs are less resilient corrosion barriers.
